A range of clinical conditions in which foetal movement is reduced or prevented can have a severe effect on skeletal development. Animal models have been instrumental to our understanding of the interplay between mechanical forces and skeletal development, in particular the mouse and the chick model systems. In the chick, the most commonly used means of altering the mechanical environment is by pharmaceutical agents which induce paralysis, while genetically modified mice with non-functional or absent skeletal muscle offer a valuable tool for examining the interplay between muscle forces and skeletogenesis in mammals. This article reviews the body of research on animal models of bone or joint formation in vivo in the presence of an altered or abnormal mechanical environment. In both immobilised chicks and 'muscleless limb' mice, a range of effects are seen, such as shorter rudiments with less bone formation, changes in rudiment and joint shape and abnormal joint cavitation. However, while all bones and synovial joints are affected in immobilised chicks, some rudiments and joints are unaffected in muscleless mice. We propose that extrinsic mechanical forces from movements of the mother or littermates impact on skeletogenesis in mammals, while the chick embryo is reliant on intrinsic movement for mechanical stimulation. The insights gained from animal models into the mechanobiology of embryonic skeletal development could provide valuable cues to prospective tissue engineers of cartilage and bone, and contribute to new or improved treatments to minimise the impact on skeletal development of human disorders of reduced movement in utero.
Introduction
The importance of mechanical forces for embryonic development was central to the thinking of developmental biologists around the turn of the 20 th century. In 1888, Wilhelm His (1831 −1904 stated that "to think that heredity will build organic beings without mechanical means is a piece of unscientific mysticism" (His, 1888) . In 1894, Wilhelm Roux founded a journal called the Archives for Developmental Mechanics (Archiv für Entwicklungsmechanik)
and defined the goal of developmental mechanics as "the ascertainment of formative forces or energies" (Roux, 1894) . With the revolution brought by modern molecular genetics, the idea that mechanical forces are key to development fell quickly out of favour among much of the developmental biology community, being perceived as outdated (Gould, 1985) , with an emphasis on cellular events being guided by positional information based on molecular cascades. The last few decades of research have indeed revealed the central role played by complex networks of regulatory molecules which direct the development of finely-tuned, integrated systems in the embryo. However, cells also receive input from the environment of the emerging tissues, including mechanical information in the form of biophysical stimuli such as stress, strain and fluid flow. Although awareness of mechanical influences is gradually increasing, in general, the study of morphogenesis is still dominated by a molecular perspective. Little is known about how mechanical cues are integrated with molecular regulation of gene expression guiding local cellular events such as differentiation, shape change, proliferation and apoptosis during development (Henderson and Carter, 2002) , but it is clear that increased knowledge on the mechanobiology of embryogenesis will provide a fuller understanding of developing systems.
One aspect of developmental biology for which the importance of mechanics has consistently been demonstrated and acknowledged is skeletogenesis, with studies from as early as the 1930s illustrating the importance of the mechanical forces for skeletogenesis (e.g., Fell and Canti, 1934; Murray and Selby, 1930) . Findings from clinical conditions, in vivo animal models and in vitro studies have confirmed the vital role that mechanical forces play in skeletal development.
In recent years, there has been an explosion in interest in the interactions between mechanical forces and cells and tissues, particularly from researchers in the tissue engineering field, who would hope to recapitulate the processes of cartilage and bone developmental in vitro (Ingber et al., 2006; Kelly and Jacobs, 2010; McMahon et al., 2008) .
A range of syndromes and conditions in which foetal movement is reduced, restricted or prevented have provided clinical evidence for the importance of muscle contractions for normal bone and joint formation. Conditions affecting the neuromuscular system, such as congenital myotonic dystrophy (Wesstrom et al., 1986) or spinal muscle atrophy (Nicole et al., 2002) , can have a dramatic effect on skeletal development leading to smaller, thinner and weaker long bones, prone to postnatal fracture (Rodriguez et al., 1988a; Rodriguez et al., 1988b) . Children suffering from hemiplegic cerebral palsy, where half of the body is affected by compromised motor functions, exhibit delayed skeletal maturation on the affected side compared to the unaffected side (Roberts et al., 1994) . Foetal akinesia deformation sequence (FADS) describes the range of symptoms caused by reduced, restricted or absent movement in utero, which include craniofacial and limb abnormalities and multiple joint contractures (Hall, 1986; Hammond and Donnenfeld, 1995) . Temporary brittle bone disease in infants, which can cause multiple unexplained fractures, has been attributed to decreased or restricted foetal movement (Miller and Hangartner, 1999) . Approximately 10% of preterm infants with very low birth weight suffer from low bone density and increased susceptibility to fractures in the first months of life (Dabezies and Warren, 1997) , and it has been proposed that it is the removal of the loads normally induced by kicking against the uterine wall during late development that are responsible for the 'bone disease of preterm birth' (Miller, 2003) . It has also been shown that increased mechanical loading can improve the skeletal development of preterm infants; MoyerMileur et al. (2000) showed that a daily physical activity program in preterm infants, where passive resistance was applied to the extremities for 5−10 minutes per day, resulted in increased forearm bone length, bone area and bone mineral content compared to preterm infants who did not undergo the exercise program. Developmental dysplasia of the hip (DDH) is thought to occur in as many as 1 in 100 newborns (Homer et al., 2000) , and its incidence and severity is widely thought to be influenced by the mechanical environment in utero (Shefelbine and Carter, 2004) .
While a family history does increase susceptibility to DDH (Weinstein, 1987) , the risk of DDH is also increased if joint abduction is limited due to foetal position in utero, oligohydramnois (a deficiency of amniotic fluid), or swaddling after birth in a legs extended position (Vanden BergFoels et al., 2006) .
Animal models are a vital tool with which to increase our understanding of clinical conditions in which an abnormal mechanical environment affects skeletal development. Studying the interplay between mechanics and the formation of cartilage, bones and joints during development enhances our understanding of the mechanobiology, or biophysics, of the system, and could provide valuable information to prospective tissue engineers of cartilage and bone.
Recent findings using animal models show that mechanical input affects patterning and differentiation events as well as the healthy progression of skeletogenesis indicated by the clinical evidence above. In this paper, we review the state of the art research on the interplay between mechanics and skeletal development, with particular focus on animal models of bone or joint formation in vivo in the presence of an altered or abnormal mechanical environment.
Animal Model Systems for Investigation of Mechanics of Skeletogenesis
The mouse and the chick are the most commonly used animal model systems for the investigation of the effect of mechanical forces on skeletal development, and each model provides a different set of advantages and suitable approaches. The chick system provides the advantages of an externally laid egg, where the embryo is readily available and amenable to manipulation such as surgically or drug induced paralysis. The mouse is the most widely used and best established system for studying mammalian development and has the benefits of elegant genetic manipulations and a wealth of molecular tools. Genetically modified mice offer a valuable tool with which to examine skeletogenesis when muscle is altered, reduced, or absent.
A range of mouse mutants originally generated to examine the function of particular developmental genes that lead to a muscle phenotype can now be used to address the question of how skeletogenesis proceeds in an altered mechanical environment, as listed in Table 1 . In
Pax3
Sp/Sp (Splotch), absence of the transcription factor Pax3 means that migration of the muscle progenitor cells into the limb buds does not occur and no skeletal muscle develops (Franz et al., 1993; Tajbakhsh et al., 1997 (Rudnicki et al., 1993) .
Muscular dysgenesis (mdg/mdg) is a mutation of the dihydropyridine receptor (DHPR) α1 subunit which causes a lack of excitation-contraction coupling and therefore muscle contractions are absent in mdg mutant mice (Pai, 1965a; Powell et al., 1996) . Dock 1 mutants have defective muscle organisation so that skeletal muscle cells differentiate but do not fuse into mature contracting fibers (Laurin et al., 2008) .
The chick embryo has been used extensively as a model system for examining skeletal development in the presence of an altered mechanical environment due to the ease with which the growing embryo can be accessed. The most commonly used treatments are listed in Table 1 .
Neuromuscular blocking agents can be used to prevent or increase muscle contractions in the developing chick. Rigid paralysis, where muscles are in continuous tension, is most commonly induced by administration of decamethonium bromide/iodide (e.g., Germiller and Goldstein, 1997; Hall and Herring, 1990; Hosseini and Hogg, 1991a; Mikic et al., 2000a; Nowlan et al., 2008b) , but other agents such as botulinum toxin (Drachman and Sokóloff, 1966; Murray and Drachman, 1969) , succinylcholine (Ruano-Gil et al., 1978) and tubocurarine (Hall, 1972) have also been used. Flaccid paralysis, where muscles are relaxed, can be induced using pancuronium bromide (Osborne et al., 2002) . Reserpine, an antihypertensive drug which induces hypermotility at low doses and paralysation at high doses, has also been used for in ovo experiments (RuanoGil et al., 1985) . The accessibility of the chick means that surgical techniques can be used to induced immobilization, for example by excision of portions of the neural tube involved in enervation of the limb muscles (Wong et al., 1993) or extirpation of the lumbosacral spinal cord (Drachman and Sokóloff, 1966) , which induces immobilization of the lower limbs. However, while working with the chick embryo system has many advantages, it is not ideal for examining endochondral ossification due to the fact that in the growth plates, post-hypertrophic regions are not replaced by bone but are instead resorbed to form a hollow bone (Fell, 1925; Nowlan et al., 2007) . Furthermore, long bone secondary centres of ossification are uncommon in the chick (Blumer et al., 2005; Doménech-Ratto et al., 1999; Hogg, 1980) . Although surgical interventions are challenging in mammalian embryos, the effects of immobilization in the rat embryo have been studied using subcutaneous injection in utero of a neuromuscular blocking drug (tubocurarine) and also by induction of oligohydramnios via daily removal of amniotic fluid .
Bone Development
Two types of bone develop in the embryo; endochondral and intramembranous bone.
Intramembranous ossification occurs when bone forms directly from mesenchymal cells, and this mode is responsible for most of the craniofacial bones (Jee, 1988) . Endochondral ossification occurs when a cartilage template is replaced by bone in a precise series of events, in which chondrocytes progress from proliferating to hypertrophic states, and the resulting hypertrophic cartilage is then mineralised and replaced by bone (Hall, 1987) . While the long and short bones of mammals are formed primarily by endochondral ossification, the periosteal bone collar forms via a type of intramembranous ossification (Ham and Cormack, 1979) . In birds, ossification of the long bones occurs via intramembranous ossification of the periosteum, where the cartilage in at the core undergoes the same steps of endochondral ossification prior to the mineralisation of hypertrophic chondrocytes, but the matrix of post-hypertrophic chondrocytes is resorbed instead of being mineralised (Fell, 1925; Hall, 1987; Murray and Selby, 1930) . Despite the differences in bone development between the two model systems, we and others have shown the effect on bone formation of an altered mechanical environment in both chick and mouse. In particular, decreased rudiment length and reduced bone formation, in both paralysed and muscleless situations in both systems, as detailed below.
Immobilization of chick embryos using neuromuscular blocking agents has been used extensively to examine bone development in the absence of dynamic mechanical stimulation from muscle contractions. The most commonly used agent, decamethonium bromide, induces rigid paralysis, where all muscles are in continuous tetanus (Osborne et al., 2002) . In the absence of muscle contractions the muscle mass decreases (Hall and Herring, 1990) , and therefore chick embryos immobilised with decamethonium bromide will not only lack dynamic muscle contractions, but will have muscles of lower cross sectional areas and therefore lower muscle forces. A landmark study from Hall and Herring (1990) illustrated the dramatic effect paralysis has on the developing chick skeleton. Immobilization using decamethonium iodide from 7, 8 or 9
days of incubation resulted in abnormal curvature of the mandible, neck and spine. As also reported by Murray and Drachman (1969) , the lower beak protruded below the upper beak in immobilised chicks, contrary to the normal situation (Hall and Herring, 1990) . The clavicles of the paralysed chicks were thinner and straighter than in controls, ribs were prematurely ossified and fused to the sternum, and the sterna were grossly malformed (Hall and Herring, 1990) .
Growth rates of the clavicle, mandible, femur, tibia and humerus were decreased in immobilised embryos, and the authors found a differential effect on the rudiments, with the clavicle being the most affected and the mandible the least (Hall and Herring, 1990) . Quantification of the effects of treatment on the muscle masses indicated that the most severe decreases in muscle mass correlated with the more severely affected skeletal rudiments (Hall and Herring, 1990) . Similar results were obtained by Hosseini and Hogg (1991a) , who found that the lengths of the radius and ulna were also decreased by immobilization. The scapula and pelvic girdle were deformed by paralysation. Ossification in the femur, tibia, humerus, radius and ulna was found to be significantly reduced in immobilised chicks from day 15 onwards, although the timing of appearance of ossification centres was unaffected by treatment (Hosseini and Hogg, 1991a) . A detailed study of ossification of the tibia revealed fewer layers of periosteal bone at the middiaphysis of the tibia from day 12 in paralysed chicks (Hosseini and Hogg, 1991b) . Rates of cartilage and bone formation were significantly reduced in immobilised embryos from day 14 of incubation (Hosseini and Hogg, 1991b) . A more recent study from our group focussed on early ossification of the chick tibiotarsus and showed reduced bone proportion in immobilised embryos (Nowlan et al., 2008b) .
Hindlimb muscular atrophy was induced by excising the lumbrosacral portion of the neural tube after 72 hours of incubation (Wong et al., 1993) . The femur and tibiotarsus were significantly shorter in experimental animals than in sham-operated controls, and greater flaring at the distal femur was observed. The mechanical integrity of the tibiotarsus was assessed, and the whole bone stiffness, bending strength at failure and brittleness were found to be lower in the tibiotarsi of immobilised embryos (Wong et al., 1993) . Germiller and Goldstein (1997) investigated the cellular events underlying the changes observed in the tibiotarsus of immobilised chicks. Cell proliferation was found to be reduced in the proliferative and resting chondrocytes regions of immobilised chicks, while cell density was not significantly affected (Germiller and Goldstein, 1997) . The thickness of the proliferative zone was also significantly reduced in immobilised animals, and the authors conclude that the proliferation and/or recruitment of immature chondrocytes is mediated through the action of muscle contractions (Germiller and Goldstein, 1997) . In our laboratory, we used finite element analysis to characterise the mechanical environment induced by muscle contractions, and found that dynamic patterns of biophysical stimuli co-localise with regions of incipient bone formation in the embryonic tibiotarsus (Nowlan et al., 2008a) . We further supported a prediction that these localised biophysical stimuli are involved in regulating ossification by demonstrating reduced tibiotarsal ossification, combined with dramatic decreases in the levels of predicted biophysical stimuli, in immobilised embryos (Nowlan et al., 2008b) . The expression patterns of two genes involved in bone formation, Collagen X (ColX) and Indian hedgehog (Ihh) showed co-localisation with peak regions of biophysical stimuli, and expression patterns of both genes were altered following immobilization, demonstrating the involvement of ColX and Ihh in mechanoregulatory pathways during embryonic bone formation (Nowlan et al., 2008b) Immobilization of mammalian embryos in utero is challenging, but has been performed in rat embryos Rodriguez et al., 1992) . These studies, from the same laboratory, describe immobilization of rat embryos from a relatively late stage in skeletogenesis (embryonic day 17) to term. Rodriguez and colleagues (1992) immobilised embryos in utero by daily subcutaneous administration of D-tubocurarine. The femora of immobilised embryos were shorter than sham-operated littermate controls, and exhibited a decreased and rounder crosssectional area, with impeded periosteal and trabecular bone formation . Palacios et al. (1992) induced oligohydramnios by daily removal of amniotic fluid and examined the effect of restricted movement on bone development in the femur. In contrast to the previous study, no significant differences were found in femoral length or width, or in periosteal or cortical bone formation, compared to sham-operated littermates . The authors conclude that the local application of muscle forces to the rudiment is more important to bone development than the limb movement prompted by those muscle contractions .
Genetically modified mice with absent or non contractile musculature have provided major insights into the numerous effects of mechanical stimulation from muscle contractions on mammalian bone development (Gomez et al., 2007; Nowlan et al., 2010; Pai, 1965a; RotNikcevic et al., 2007; Rot-Nikcevic et al., 2006) . The first comprehensive analysis of skeletal development in mouse mutants with abnormal skeletal muscle were published in 1965 (Pai, 1965a ; b) in a spontaneously occurring mutant line. In muscular dysgenesis (mdg) mice, skeletal muscle development initiates largely normally, but muscle contractions do not occur and muscle bodies begin to degenerate around embryonic day (E)14 (Pai, 1965b) . Abnormal joint cavitation was reported, and fusion of the cervical and thoracic vertebrae occurred in 40% of newborn mdg mice (Pai, 1965a) . Development of the neurocranial bones was reported as largely normal, apart from an enlargement of the interparietal and occipal bones. Ribs developed with an abnormal orientation, and were also reported as being thinner in both the calcified and uncalcified regions at birth than seen in controls. The scapula, clavicle and sternum were found to be decreased in size, and the mandible reduced in length with abnormal curvature in newborn mutant mice (Pai, 1965a) . The deltoid tuberosity was absent at birth, and cleft palate was found in 77% of newborn homozygotes (Pai, 1965a) . , 2006) . In a follow up study (Rot-Nikcevic et al., 2007) , the group examined the mandible and clavicle in the muscleless mice, and found that although the shape and size of both skeletal elements were affected in the mutant mice, the clavicle was more dependent on the presence of skeletal muscle than the mandible. In the following year, another study of skeletal development of Myf5 −/− :MyoD −/− mutant at E18.5 was published by a different group (Gomez et al., 2007) . Less mineralization of the femur was found in muscleless mutants, while no difference in bone formation was observed in the phalanx. Changes in shape and diameter were seen in the femur and humerus, but no change in diameter was found in the ulna and radius of mutant animals compared to littermate controls (Gomez et al., 2007) . The study also found an unchanged length of humerus and radius, but in contrast to the study of Rot-Nivcivic and colleagues (2006), Gomez and colleagues (2007) reported that the humeral tuberosity was present, although difficult to detect and significantly reduced in size.
A study from our laboratory focussed on the initiation and progression of ossification sites of long bones in the absence of skeletal muscle, which we had shown to be altered in the immobilised chick tibiotarsus (Nowlan et al., 2008b (Nowlan et al., 2010) . Decreased bone formation was found in the scapula, humerus, ulna and femur but not in the tibia of muscleless limbs. The scapula and humerus were the most severely affected in the muscleless mutants, with ossification centres exhibiting abnormal morphology or even being absent altogether, as shown in Figure 2 (Nowlan et al., 2010) . In mice in which muscle mass was reduced by between 35-55% (Rudnicki et al., 1993) , bone formation was reduced in comparison to normal littermate controls in the scapula and humerus, while ossification in the ulna, femur and tibia showed no significant differences between reduced muscle mutants and controls (Nowlan et al., 2010 (Splotch) mutants, although the shape of the humeral tuberosity was altered in muscleless limbs, the size at TS23 was not significantly reduced compared to littermate controls (Nowlan et al., 2010) . Blitz et al. (2009) showed that the initiation of the deltoid tuberosity is dependent on the presence of tendon, and it has been shown that tendons initiate but are not maintained in the absence of muscle (Brent et al., 2005; Kardon, 1998) .
Joint Development
There are three main stages in joint development, interzone formation, cavitation and morphogenesis, as described in detail in recent reviews (Archer et al., 2003; Pacifici et al., 2005; Pitsillides and Ashhurst, 2008) . The detailed shape features of the developing knee joint emerge just following the initiation of muscle contractions in the chick (Roddy et al., 2009) . Numerous studies have shown that mechanical forces due to muscle contractions are not critical to the determination of the joint site or to the formation of the interzone (Drachman and Sokóloff, 1966; Kahn et al., 2009; Mikic et al., 2000b; Mitrovic, 1982) , whereas the importance of muscle contractions for joint cavitation is indisputable due to the supporting body of evidence as detailed below. In 1966, an elegant study from Drachman and Sokóloff studied the effect of paralyzation on joint formation in the chick, using three immobilization methods in order to separate the potential effects of the individual treatments on joint development. Two types of neuromuscular blocking agents were used; decamethonium bromide and type A botilinum toxin, and one surgical method, where extirpation of the lumbosacral cord causes paralysation of the lower limbs. Drug treated animals (regardless of which drug was administered) exhibited absent or minimal cavitation of the knee, ankle and toe joints (Drachman and Sokóloff, 1966) . The plantar tarsal sesamoid was abnormal or absent, while the patella was present in most specimens at day 11 but with reduced size (Drachman and Sokóloff, 1966) . Joints of the surgically immobilised animals exhibited similar effects to the drug treated animals, but with more variability between joints and between specimens, and the authors suggest that the passive movement induced in the hindlimbs imparted by normal movement of the upper body led to the range of effects seen (Drachman and Sokóloff, 1966) . Subsequent immobilization studies showed that the lack of muscle contractions in the chick prevents cavitation of the hip (Ruano-Gil et al., 1978) , knee/femorotibial joint (Osborne et al., 2002; Roddy et al., in preparation; Ruano-Gil et al., 1978) , ankle/tibiotarsal joint (Osborne et al., 2002; Persson, 1983) , shoulder (Ruano-Gil et al., 1978) , elbow (Ruano-Gil et al., 1978) , the joints of the hands and feet (Ruano-Gil et al., 1978) , the interphalangeal joints (Mitrovic, 1982) and metatarsophalangeal joints (Mitrovic, 1982; Osborne et al., 2002) , and the joints between the sternal and vertebral ribs (Hosseini and Hogg, 1991a) . Immobilization was found to prevent cavitation of the mobile articulations of the head, cervical spine, larynx and trachea (Murray and Drachman, 1969) . Of the 64 joints examined in the head and neck by Murray and Drachman (1969) , only three underwent cavitation; two pterygo-parasphenoid joints and one pterygo-palatine joint. In contrast, the sutures of the cranial vault have been found to be largely unaffected by immobilization (Persson, 1983) , and the authors conclude that embryonic movements are essential for formation of synovial joints but not for the suture sites of cranial bones (Persson, 1983) .
It has been shown that if embryos are immobilised after the joint cavity has formed, the cavity is not fully maintained (Mitrovic, 1982) . If movement is increased pharmacologically, wider joint cavities form, as was shown for the hip, shoulder, knee, and the hands and feet (Ruano-Gil et al., 1985) . When chicks are paralysed after cavitation has occurred, flaccid paralysis, where muscles are relaxed, has been shown to have a different effect to rigid paralysis (Osborne et al., 2002) . Osborne et al., (2002) found that rigid paralysis (using decamethonium bromide) and flaccid paralysis (using pancuronium bromide) both prevent cavitation (of the knee, ankle and metatarsophalangeal joints) if animals are treated prior to initiation of the cavity.
However, if animals were immobilised after joint cavities had formed, rigid paralysis partially maintained the cavities and preserved some of the hyaluronan (HA) content in articular surfaces, while flaccid paralysis led to loss of the cavities and marked reduction in HA content (Osborne et al., 2002) . Morphological abnormalities due to immobilization were associated with changes in extracellular matrix molecules by Mikic et al. (2000b) , who found altered patterns of tenascin-C and collagen-XII in immobilised foot and femorotibial joints. A mechano-dependant role for extracellular-regulated kinase 1/2 (ERK1/2) was identified by Bastow et al. (2005) who found that ERK1/2 expression was diminished in immobilised limbs, followed by abnormal HA-rich matrix assembly and cavitation-failure (Bastow et al., 2005) . Kavanagh et al., (2006) while in contrast, the plantar tarsal sesamoid completely failed to form (Mikic et al., 2000a) . The authors conclude that mechanical loading is essential for sesamoid formation, while early stages of meniscal formation are intrinsically regulated with mechanical loads required for later stages of meniscal development and maintenance (Mikic et al., 2000a) .
The role of mechanical forces in the control of joint shape has been less widely examined than joint cavitation (Roddy et al., 2009a) , but a number of studies have indicated that later stages of joint morphogenesis are influenced by the mechanical environment. Our group has found that the abnormal mechanical environment induced by immobilization in the chick has a significant effect on several features of the knee joint such as the height of the lateral and medial condyles of the femur, and width and height of the intercondylar fossa (Roddy et al., 2009b; Roddy et al., in preparation) . The overall effect of immobilization is a simpler shape of knee joint with flattened surfaces and absent functional outgrowths (Roddy et al., 2009b; Roddy et al., in preparation) .. Flattened articular surfaces have also been reported in the ankle (Drachman and Sokóloff, 1966; Wong et al., 1993) , and at the ends of the long bones in paralysed chick embryos (Hosseini and Hogg, 1991a) . Computational methods have been used as a means of gaining a more complete understanding of how mechanical forces shape the joint; our laboratory has used finite element analysis to characterise the biophysical environment of the developing joint, and we have found an association between joint shape, cell proliferation and patterns of biophysical stimuli (Roddy et al., under review) . The patella and articular cartilages also develop in regions of dynamic patterns of biophysical stimuli in the interzone (Roddy et al., under review) . Heegaard et al. (1999) used a computational model to examine how the emergence of joint shape may be influenced by mechanical forces due to muscle contractions. Inclusion of mechanobiological growth rules led to a more convex-concave articulation of the joint than with a baseline growth rate alone (Heegaard et al., 1999) . Changes in the tissue properties of immobilised joints may contribute to the changes in shape, and it has been shown that the mechanical properties, GAG (proteoglycan) and total collagen content of joint epiphyses are affected by immobilization, with a significantly lower instantaneous modulus, GAG content and total collagen content in the upper and lower regions of cartilage cones of immobilised knee joints (Mikic et al., 2004) .
While the majority of studies of the mechanics of joint formation in vivo have been performed using the chick model (as described above), a small number of studies on mammalian joint development in an abnormal mechanical environment have been published. Abnormal joint contractures were reported for rat embryos immobilised in utero with daily injections of DTubocurarine ) and for rat embryos in which movement was reduced by daily removal of amniotic fluid , but cavitation or morphogenesis of the joints were not examined in detail in either study. Genetically modified 'muscleless' mouse models have shown that, while some joints are severely affected by the lack of muscle contractions, other joints form apparently normally (Kahn et al., 2009; Nowlan et al., 2010) . Kahn et al. (2009) , examined joint formation in three muscleless mouse mutants (Myf5 -/-MyoD -/-, splotch delayed mutation (Sp d ) and Six1 -/-Six4 -/-) and also the mdg mutant, in which muscle forms but does not contract, and subsequently degenerates (Pai, 1965b) . In the muscleless mice, failure of joint formation in the elbow and shoulder, some carpal elements (capitates to hamate and lunate to triangular), ankle (between talus and calcaneus), some of the metacarpals (carpals, lesser multangular and centrale) and hip was observed (Kahn et al., 2009) . No effect was seen in the knee or in the finger joints (Kahn et al., 2009 ). In the elbows of Sp d mutants, the interzone forms normally at E12.5 but, in the absence of muscle contractions, the joint progenitor cells do not follow their intended fate and differentiate into chondrocytes (Kahn et al., 2009 ). Abnormal β-catenin activation was seen in the elbow of E13.5-E14.5 Sp d mutants but not in the Sp d finger joints, and the authors propose that the canonical/β-catenin dependent Wnt pathway may be activated by muscle contractions, modulating joint formation (Kahn et al., 2009 ). Our laboratory also found abnormal joint development in the elbow, as shown in Figure 2, limited to the studies reviewed in this article (Bastow et al., 2005; Kahn et al., 2009; Kavanagh et al., 2006; Nowlan et al., 2008b; Roddy et al., in preparation) and it is not known if these genes respond directly or indirectly to mechanical stimulation. Kahn et al. (2009) have opened an interesting possibility that Wnt signalling pathways may be mechanically regulated during the formation of some joints, but the cellular pathways that might interpret these mechanical signals are unclear. Animal models can be further exploited to address this question, particularly making use of elegant genetic approaches in the mouse such as lines that report pathway activity crossed with lines showing a muscle phenotype, as used by Kahn et al. (2009) . Introduction of reporter and expression constructs into the embryo using in ovo electroporation (Nakamura et al., 2004) , combined with live imaging, could facilitate more informative manipulation in the chick system.
Cell culture work will also be necessary to dissect the cellular mechanisms involved in Persson, 1983) , while in the mouse, there are several rudiments and joints that have been shown to be unaffected by the absence of muscle, such as the knee joint (Kahn et al., 2009; Nowlan et al., 2010) and the bone of the tibia (Nowlan et al., 2010 ). An important question to address is why the bones and joints of the mouse seem to be differentially affected by the lack of or alteration in skeletal muscle, while those of the chick are not. Perhaps the mechanical environment external to the embryo itself may have an effect. The chick and mouse have dramatically different mechanical environments during embryonic and foetal development; while the mouse may be affected by movements of the mother and littermates, the only external mechanical stimulus that the chick embryo is subject to is the intermittent rotation of the egg by the mother. We propose that, in muscleless mice, the extrinsic stimulation that the animals experience from movements of the mother and those of normal littermates impact on skeletal development, and that the displacement of the muscleless limbs can affect some parts of the limbs more than others. In as yet unpublished work, our laboratory has used finite element analysis to compute the biophysical stimuli induced by an external displacement applied to the ends of the fore-and hind-limbs, and compare the levels between the humerus (which is more severely affected by absent or reduced muscle at TS23) and the femur (which is less severely affected). The results indicate that the same displacement applied to the ends of the fore-limb and hind-limb induces higher biophysical stimuli in the femur than in the humerus, indicating that the differential effects seen in mammalian models with abnormal skeletal muscle development could be due to external mechanical forces. Variations in the amount of external mechanical stimulation between embryos would also explain why a range of effects have been seen in muscleless mice; why, for example, some mutants have no bone in the scapular blade at TS23 while, in others, bone is present but does not extend completely across the width of the blade as occurs in controls (Nowlan et al., 2010) . This finding could have implications for clinical conditions in which foetal movement is diminished, as it would imply that externally applied stimulation could reduce the severity of the phenotype that results from diminished mechanical forces in utero. Additionally, it could provide an interesting insight into the parallel evolution of the integration of mechanical signals in two lineages, where skeletal development in the externally laid, hard shelled bird egg is largely reliant upon intrinsic movement for mechanical stimulation, while the in-utero development of the mammal provides sources of external stimulation. This may mean that the mouse is a better model system for human skeletogenesis due to the similar external mechanical environment during development.
To conclude, a range of human conditions in which foetal movement is diminished can impact severely on skeletal development. Animal models which are genetically modified to a lter skeletal muscle development, or in which muscle contractions are prevented, demonstrate a clear effect on the lengths of skeletal rudiments, the ossification of rudiments and on joint cavitation and morphogenesis. The most commonly used animal systems are the chick and the mouse, but only the mouse exhibits a clear differential effect of absent or reduced muscle on both bones and joints. We propose that extrinsic mechanical forces impact on skeletogenesis in mammalian models, which could have consequences for minimising the impact of human disorders of reduced movement in utero. Figure 3. Summary of effects seen in mouse models with an abnormal muscle development shown in cartoon of TS24 mouse skeleton. Red indicates effect on rudiment or joint due to abnormal muscle, green indicates no effect, striped red and green indicates findings of affected and unaffected aspects as detailed below, and white indicates no data available. [7] , elbow [7] , metatarsophalangeal [9] [10] [11] , interphalangeal [7, 11], hip [7] , knee [7-9, 13-15, 18, 19] , ankle [8] [9] [10] 17] , feet [7, 8, 13 
